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Homochiral and heterochiral assembly preferences at
different length scales – conglomerates and racemates
in the same assemblies†
Jianbin Lin,a Zongxia Guo,b Jan Plas,b David B. Amabilino,c Steven De Feyter*b and
Albertus P. H. J. Schenning*a
Length scale dependent formation of conglomerates and racemic
compounds has been observed in self-assembled hierarchical supra-
molecular architectures based on oligo(p-phenylenevinylene)-
phenylglycinamide at the liquid–solid interface and in solution.
When enantiomers associate they can condense together – leading
to a racemic compound – or they combine separately – giving a
conglomerate. In the case of 3D crystals, over 90% of the cases
result in the formation of racemic compounds.1 Studies on mono-
layers on crystalline surfaces suggest so far that in around 80% of
the cases conglomerates are formed.2–6 In contrast, the formation
of homochiral assemblies, i.e., conglomerates7,8 and racemic 1D
supramolecular polymers in solution has been rarely reported. For
gels, studies show that gelation is effectively a crystallization event,
with growth only occurring in one dimension.9,10 Currently it is
difficult to predict if enantiomers will assemble together or separate
and how the molecular chirality transfers to the supramolecular
and macroscopic levels. Such an understanding is not only impor-
tant for chiral resolution of racemates but could also shed light on
the origin of chirality in biological systems. Furthermore in contrast
to crystals, due to the limited number of studies, the behaviour of
racemic self-assembled systems in solution is unclear but is
important for the fabrication of chiral supramolecular materials.
Herein, we report a new phenomenon in the self-assembly beha-
viour of a racemic mixture at the solid–liquid interface and in
solution and show the length scale dependent formation of conglo-
merates and racemic compounds. We show that 2D assembly
of racemic oligo(p-phenylenevinylene) phenylglycinamide, OPV3I
(Scheme 1), leads to the formation of conglomerates and racemic
compounds depending on the hierarchical length scale.
The two enantiomerically pure R- and S-OPV3I were chosen since
oligo(p-phenylenevinylene) building blocks have been used often for
the self-assembly at surfaces11,12 and in solution13 while phenyl-
glycinamide has been used as a chiral unit.14 R and S-OPV3I were
prepared by coupling of the OPV aldehyde derivative15 with phenyl-
glycinamide (ESI†). After being recrystallized from methanol, OPV3I
was obtained in pure form. The chemical structure was confirmed by
1H and 13C NMR spectroscopy andmass spectrometry (MALDI-TOF).
Concentration dependent 1H NMR spectroscopy (Fig. S1, ESI†) in
CDCl3 of OPV3I reveals that the two amide protons of OPV3I behave
differently;16 one is involved in intra-molecular hydrogen bonding
while the other is involved in inter-molecular hydrogen bonding,
suggesting the formation of hydrogen bonded supramolecular tetra-
mers (vide infra). Circular dichroism (CD) spectra of R-OPV3I
and S-OPV3I in chloroform suggest that these tetramers are
molecularly dissolved at this concentration (Fig. S2, ESI†).
Scanning tunneling microscopy (STM) at the liquid–solid inter-
face was used to study the 2D self-assembly of OPV3I in order to
obtain direct evidence for the chiral self-assembly at the interface
between 1-phenyloctane and highly oriented pyrolytic graphite
(HOPG). When either R- or S-OPV3I self-assembled at the 1-phenyl-
octane–HOPG interface, large domains of tetramers were formed
(Fig. 1). The unit cell parameters are identical for both enantiomers:
a = 4.3 0.2 nm, b = 5.2 0.1 nm and g = 115 21. These tetramers
are chiral since there is a shift between the four molecules in each
tetramer. For R-OPV3I, this shift creates a counter-clockwise (CCW)
tetramer (Fig. 1A), while for S-OPV3I, a clockwise (CW) tetramer is
formed (Fig. 1B). The chirality is not only expressed in the supra-
molecular structure, but also at larger length scales, in the orienta-
tion of the monolayer with respect to the substrate underneath. The
unit cell axis a of R-OPV3I makes an angle of14 31 with respect
Scheme 1 Molecular structure of R- and, S-OPV3I.
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to the normal of the main symmetry axes of graphite, while for
S-OPV3I, an angle of +12  41 was found (Fig. 1, yellow and red
lines). As expected, R- and S-OPV3I self-assemble into domains that
are mirror images of each other. NMR spectroscopy (Fig. S1, ESI†)
and STM studies suggest that the most likely hydrogen-bonded
tetramers are formed (Scheme 2, Fig. S3, ESI†).
In addition to the expression of chirality of the R and S enantio-
mers in their hierarchical self-assembly process at the interface,
deposition of the racemic mixture was studied. When the R/S-OPV3I
racemate is deposited on the surfacemostmolecules exist as separate
ordered tetramer structures and diastereomericR and S co-assembled
structures are not found. In this sense, on the surface, the molecules
are enantiophobic.17 Interestingly, R- and S-OPV3I self-assemble into
monolayers composed of intercalated tetramer lamellae, which do
not belong to the typical conglomerates or racemates on HOPG. At
the tetramer level, the lamellae of R-OPV3I are separated from those
of S-OPV3I pointing to the formation of conglomerates. However, at
the lamellar level, the R-OPV3I lamellae are surrounded by S-OPV3I
lamellae, and vice versa suggesting a racemic compound. The
orientation of the domain composed of these crossed lamellae with
respect to the main substrate axes change from about 131 to about 01
(Fig. 2B and Fig. S4, ESI†) such that all the lamellae run parallel to the
main symmetry of the underlying HOPG axes. The global chirality
of the monolayer is suppressed. From the above discussion within
the monolayer, the local chirality is kept and the global chirality
disappears, but unlike a pseudoracemate18 in this case an ordered
racemic compound is formed. Even if there is a switch in the chirality
of one lamella, this can be matched by a switch in a neighbouring
one (as in the middle of Fig. 2A) implying that heterochiral lamellae
junctions are favoured.
We have also studied the self-assembly of OPV3I in solution in
apolar solvents. When the concentration of the racemic mixture in
octane was high, a gel was formed (Fig. 3A). This behaviour was
studied further through the gelation ability of single enantiomer
and racemic OPV3I using the ‘‘inverse flow’’ method through
increasing the concentration. Both R enantiomer and S enantiomer
formed stable gels in octane (Fig. 3A). There was minimal effect of
chiral mixing on the thermal stability of the gel, with the racemic
mixture having a Tgel of 46 1C and single enantiomers having a Tgel
of 42 1C when using the same total concentration (5 mM). This is
an unusual result compared with most reported examples of chiral
gelators as a mixture of enantiomers suppresses gelation more
often than not.9,19,20 Second harmonic generation (SHG) on a dried
gel21,22 showed a positive effect indicating that the compound is a
conglomerate, where left and right handed fibres entangle to
immobilise the liquid. FESEM measurements show entangled
fibrillar network formation (Fig. 3B). AFM experiments (Fig. S5B,
ESI†) performed on drop-cast films show the presence of bundles
of thin fibres. The height of the fibres was determined to be about
4 nm from the height profile, which corresponds well to the
diameter of the hydrogen-bonded tetramer found by STM, pointing
to fibres consisting of stacked tetramers. The observed width of the
fibres is about 8–10 nm because of the convolution of the AFM tip.
The AFM data demonstrate that mixing the two enantiomers has
no impact on the nanoscale organization of the molecular building
blocks, again suggesting the formation of conglomerates.23
Fig. 1 STM-images of OPV3I enantiomers at the 1-phenyloctane–HOPG inter-
face. (A) R-OPV3I, Iset = 60 pA, Vset = 150 mV. (B) S-OPV3I, Iset = 250 pA, Vset =
100 mV. (Scale of (A) and (B) is 25  25 nm2. Insets in (A) and (B) are underlying
HOPG and three main symmetry axes in red. [R-OPV3I] = [S-OPV3I] = 0.5 mM.)
Scheme 2 Schematic representation of the length scale dependent conglomerates
and racemic compound formation in the self-assembly of racemic hierarchical
architectures composed of OPV3I.
Fig. 2 STM-images of the R,S-OPV3I racemate at the 1-phenyloctane–HOPG inter-
face. (A) Interlaced Iset = 27 pA, Vset =80mV, scale is 80 80 nm2.Yellow rectangles
are covering the tetramer lamellae which are formed by S-OPV3I and red rectangles
are covering the tetramer lamellae which are formed by R-OPV3I. (B) High resolution
image with intercalated tetramer lamellae. Iset = 30 pA, Vset =80 mV, scale is 22.5
22.5 nm2. Inset in (B) is the underlying HOPG and themain symmetry axes. R-OPV3I is
indicated in red and S-OPV3I in yellow. [R-OPV3I] = [S-OPV3I] = 0.5 mM.
Fig. 3 (A) Gel formation in octane, (a) R-OPV3I = 5 mM; (b) R,S-OPV3I = 5 mM;
(c) S-OPV3I = 5 mM. (B) FESEM image of the dried gel (R,S-OPV3I = 5 mM in
octane, scale bar = 3 mm).
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In diluted apolar solution (where no gel is formed) circular
dichroism (CD) measurements in dodecane24 at 10 1C show a CD
effect for different enantiomeric mixtures at 104 M, going from the
pure R enantiomer (32 mdeg) through R :S (1 :1) to the pure S
enantiomer (32 mdeg) (Fig. 4A). The net helicity at 425 nm versus
the ee shows a linear trend (Fig. 4B). Such behaviour indicates the
formation of self-assembled objects and the linear trend suggests the
formation of conglomerates as observed previously for homochiral
supramolecular systems.19 However the formation of completely
random mixed or racemic compound cannot be ruled out. As the
racemate mixture was CD silent, absorption spectroscopy was further
employed to study the self-assembly of OPV3I in more detail. When a
dodecane solution of OPV3I was cooled, while monitoring the UV
absorption at 425 nm,13 a sharp transition was observed (Fig. S5A,
ESI†). The cooling curves for the 104 M and 5  105 M pure R
enantiomer solutions have a transition at which the self-assembly
starts at elongation temperature, Te = 1.8 1C and4.5 1C respectively.
This behaviour is typical for self-assembled systems that show a lower
elongation temperature upon dilution.13 Upon cooling the 1 :1 mix-
ture of R and S (5 105M each), a transition at Te = 1.1 1C similar to
the pure R enantiomer at 104 M (Fig. S5A, ESI†) was observed. If a
homochiral assembly, i.e., a conglomerate, is formed the Te for the
racemicmixture should be lower as for single enantiomer solutions at
the same concentration. For the formation of a racemic compound,
the Te value should be higher as found for the R or S enantiomers
in the total concentration.1,8 The observed Te for the racemic mixture
lies in between that one would expect for a racemic compound and a
conglomerate. These data suggest that homochiral fibres are formed
that bundle as racemic compounds, a situation similar to the STM
results where homochiral tetramer rows are formed that assemble as
racemic compounds at a higher hierarchical scale.
On the basis of the data above we propose that the assembly of
OPV3I in solution is similar to the behaviour at the solid–liquid
interface. In solution, first homochiral H-bonding tetramers are
formed, and these tetramers subsequently develop into homochiral
fibres through p–p stacking. In the next hierarchical level fibres of
opposite chirality interact through lipophilic van der Waals inter-
actions, between their alkyl groups to form a network (Scheme 2).10
In conclusion, we have investigated the hierarchical self-assembly
of OPV3I from the molecular scale to the nanoscale to the macro-
scale. Unlike the OPV derivatives where the chirality is at the
periphery of the aggregates13 or as a result of binding by an external
agent,25 OPV3I has the chirality at the centre of the aggregate that
produces higher distinction between enantiomers and shows a
unique phenomenon. Our results demonstrate that depending on
the length scale, the chirality can be changed in hierarchical
self-assembled architectures both in solution and at the liquid–solid
interface. This novel finding has consequences for the design and
fabrication of chiral supramolecular materials and could have
implications for the origin of chirality in biological systems.
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Materials and methods 
 
Gereral methods 
 
1
H NMR and 
13
C NMR were recorded at room temperature on a Varian Mercury 400. 
Chemical shifts are given in ppm (d) relative to tetramethylsilane. Abbreviations used 
are s= singlet, d= doublet, dd= double doublet, t= triplet and m= multiplet.  
Infrared (IR) spectra were run on a Perkin Elmer 1600 FT-IR spectrometer. 
MALDI-TOF MS spectra were measured on a Perspective DE Voyager spectrometer 
utilizing a-cyano-4-hydroxycinnamic acid matrix.  
CD and UV-visible absorption spectra were recorded on a JASCO 815 equipped with a 
Peltier temperature controller, PFD-425S. 
The field emission scanning electron microscopy (FESEM) was performed on dried 
gel samples. The samples (5 mM in octane) were first coated with gold by the 
sputtering technique and then observed under a FEI Quanta 3D FEG microscope.  
Atomic Force Microscopy (AFM): AFM images were recorded under ambient 
conditions using a Digital Instrument Multimode Nanoscope IV operating in the 
Tapping mode regime. Microfabricated silicon cantilever tips (NS) with a resonance 
frequency of approximately 300 kHz and a spring constant of about 50 NmP-1 Pwere 
used. Samples for AFM study were prepared by drop casting a solution of OPV3I 
under a solvent atmosphere on freshly cleaved silicon wafer or highly oriented 
pyrolytic graphite (HOPG). 
Scanning Tunneling Microscopy (STM): All STM experiments were carried out at 
20−25 °C. Experiments were performed using a PicoSPM microscope (Agilent). Tips 
were mechanically cut from Pt− Ir wire (80:20 alloy, diameter 0.25 mm). Prior to 
imaging, the OPV3I were dissolved in phenyloctane (anhydrous, 99+%, 
Sigma-Aldrich), and a drop of the solution was applied onto a freshly cleaved surface 
of graphite (HOPG, grade ZYB, Advanced Ceramics Inc., Cleveland, OH). The STM 
investigations were then performed at the liquid/solid interface at least 90 min after 
drop casting. Images are recorded in the constant current mode. Vset refers to the 
sample bias. The graphite lattice was recorded by lowering the sample bias 
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immediately after obtaining images of the monolayer. Drift effects were corrected via 
scanning probe image processor (SPIP) software (Image Metrology ApS).  
 
Materials 
 
All solvents, purchased from Acros Chimica or Sigma-Aldrich-Fluka, were of p.a. 
quality. Deuterated solvents were from Cambridge Isotope Laboratories. All other 
chemicals were commercially available and were used without purification. 
 
Synthesis of OPV3I 
 
To a solution of (E,E) – 4 - {4-(3,4,5-tridodecyloxystyryl) -2,5-bisbutoxystyryl} -2,5 – 
bisbutoxybenzaldehyde
S1
 (287 mg, 0.25 mmol) in toluene, was added 
2-phenylglycinamide (37.5 mg, 0.25 mmol). The solution was refluxed overnight after 
which the solvent evaporated. After being recrystallized from methanol, OPV3I as a 
yellow solid was obtained. (R-OPV3I: 290 mg, 91%; S-OPV3I: 150 mg, 47%.) 
1
H 
NMR (CDCl3, 400MHz): δ 8.72 (s, 1H), 7.58 (s, 1H), 7.54 – 7.48 (m, 4H), 7.41 – 
7.28 (m, 4H), 7.16 (s, 2H), 7.11 (s, 1H), 7.03 (d, J = 16.3 Hz, 2H), 6.74 (s, 2H), 5.55 
(s, 1H), 5.02 (s, 1H), 4.10 – 3.96 (m, 14H), 1.87 – 1.72 (m, 14H), 1.64 – 1.60 (m, 
14H), 1.45 (br, 48H), 1.05 – 1.01 (m, 12H), 0.99 -0.86 (m, 9H). 13C NMR (CDCl3, 
100MHz): δ 174.4, 159.2, 153.5, 153.3, 151.3, 150.9, 150.8, 139.5, 138.3, 133.1, 132.1, 
129.1, 128.6, 127.8, 127.4, 127.3, 126.8, 125.3, 123.5, 122.8, 122.5, 110.8, 110.4, 
110.3, 110.1, 105.2, 73.5, 69.2, 69.1, 68.9, 31.9, 31.6, 31.5, 31.4, 30.4, 29.78, 29.7(2), 
29.4(3), 26.1, 22.7, 19.6, 19.5, 19.3, 14.1, 13.9, 13.8. MALDI-TOF MS (calc MW = 
1282.98; C83H130N2O8): 1283.97 [M+H]
+
. IR (FT-IR) ν (cm-1): 3454, 3189, 3060, 2953, 
2918, 2851, 1505, 1423, 1203, 1119, 962, 696. 
 
 
Figures 
 
 
Fig. S1 Concentration-dependent 1H NMR spectra of R-OPV3I in chloroform 
(CDCl3). The red colours indicate the hydrogen resonances of the amide unit. 
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Fig. S2 CD spectra recorded at 25 oC of R, S-OPV3I (10-4 M in CHCl3). 
 
 
Fig. S3 Tetramer models of OPV3I based on the STM data (Fig. 1): (A) R-OPV3I 
and (B) S-OPV3I. White arrows indicate the H-bonds. Yellow rectangles are 
covering the four OPV3I units for showing the tetramer and the CCW and CW 
are indicated by red arrows.  
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Fig. S4 Typical STM images of racemic OPV3I at 1-phenyloctane/HOPG interface. 
Scale is 8080 nm2. [R-OPV3I]=[S-OPV3I]=0.5 mM. The surface coverage is 
5516% for R-OPV3I and 4515% for S-OPV3I without concerning defects, for 
the interlaced R-OPV3I and S-OPV3I lamellas from 18 images with scale 8080 
nm2. 
 
Fig. S5 (A) Cooling curves performed from the molecularly dissolved state at 
60oC/h in dodecane based on monitoring the absorption intensity at 425 nm. 
Operating temperature range -10 to 110 oC. (B) AFM image of S-OPV3I in octane 
(10-4 M). 
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